Cid12 specifically copurified with Hrr1-TAP, and Rdp1 and Hrr1 copurified with Cid12-TAP ( Figures 1B-1D ). In this paper, we address the mechanism by which RITS targets specific chromosome regions and explore Together these purifications demonstrate that the fission yeast Rdp1, Hrr1, and Cid12 proteins are physically the requirement for Rdp1 in this process. We show that Rdp1 executes its functions in association with two associated in a complex (termed RDRC). Surprisingly, we found a significant number of Ago1 peptides in the highly conserved proteins, a putative RNA helicase (Hrr1, helicase required for RNAi-mediated heterochroHrr1-TAP purifications ( Figure 1D ), suggesting that the RDRC complex may interact physically with the Ago1-matin assembly) and Cid12, a protein that belongs to the polyA polymerase/2Ј-5Ј oligoadenylate synthetase containing RITS complex (see below). However, the association of Ago1 with Hrr1-TAP was not detectable by family of enzymes. This complex, henceforth referred to as RDRC (RNA-directed RNA polymerase complex), has silver staining ( Figure 1B ), indicating that only substoichiometric amounts of Ago1 associated with Hrr1. RNA template-dependent RNA polymerase activity and both its activity and associated subunits are required In order to gain further insight into the architecture of RDRC, we purified Rdp1-TAP from cells that carried a for association of siRNAs with RITS and for centromeric gene silencing. We also show that the RDRC and RITS deletion of hrr1 ϩ or cid12 ϩ . Mass spectrometry analysis of Rdp1-TAP purifications from hrr1⌬ or cid12⌬ cells complexes physically interact and this interaction requires the Dicer ribonuclease and the Clr4 histone H3 identified a large number of Rdp1 peptides (42% and 43% amino acid coverage, respectively) but none corremethyltranferase. These observations strongly suggest that little or no siRNAs are produced from primary censponding to the other subunit (Cid12 or Hrr1, respectively, Table 1 ). Similarly, purification of Cid12-TAP from tromeric transcripts in the absence of RDRC and that Clr4 regulates dsRNA and siRNA production by controlrdp1⌬ cells only identified Cid12 peptides (55% amino acid coverage). The absence of any peptides correling the interaction of RDRC with RITS. Furthermore, using crosslinking and RNA immunoprecipitation expersponding to the interacting partner together with the high degree of amino acid coverage for the purified iments (RNA-IP), we provide direct evidence that RITS and RDRC physically interact with noncoding centro-TAP-tagged proteins in the LC-MS/MS analysis strongly suggests that the interacting partners are absent from meric RNAs in an siRNA-dependent manner. Together with other results, these findings suggest that the recogeach mixture analysis. We conclude that the integrity of RDRC requires all three of its subunits. nition of nascent noncoding RNAs transcribed from centromeric repeats, by siRNA-programmed RITS, plays a Surprisingly, Cid12-TAP purifications from rdp1⌬ cells also contained nearly all subunits of the spliceosome crucial role in RNAi-mediated heterochromatin formation.
with very high amino acid coverage (Table 1) . Several spliceosome subunits were also detected in purifications of Cid12-TAP from a wild-type background but Results were represented with a small number of peptides (data not shown). We never detected spliceosome subunits Purification of the Fission Yeast RNA-Directed in purifications of other subunits of RDRC (or RITS), RNA Polymerase Complex suggesting that the Cid12-spliceosome interaction may We constructed a strain that expressed a fully functional be unrelated to the possible role of Cid12 in RNAi-medi-C-terminally TAP-tagged Rdp1 protein (Rdp1-TAP) and ated heterochromatin assembly. purified this protein as previously described . Analysis of the purification by polyacrylamide gel electrophoresis and mass spectrometry inHrr1 and Cid12 Are Required for Centromeric Gene Silencing dicated that two other proteins specifically copurified with Rdp1-TAP ( Figures 1A and 1D) to distinguish between these possibilities, we tested Tas3 
RITS-RDRC Interaction Requires Dcr1 and Clr4

rdp1-TAP, hrr1⌬
We hypothesized that the interaction of RITS with RDRC ( Figure 3C , compare lane 3 with 5 and lane 7 with 9, respectively) and Chp1-TAP with Hrr1 (Table 1) . Consistent with previous observations, deletion of dcr1 ϩ had active euchromatic gene (data not shown). Nonetheless, no effect on integrity of the RITS complex (Table 1; to those used for Chp1-TAP purification from wild-type cells, consistently identified only Ago1 and Tas3 but no Hrr1 (Table 1) . Furthermore, we used immunoprecipitaThe RDRC and RITS Complexes tion assays to examine the requirement for Clr4 in RITSPhysically Interact RDRC interactions. Consistent with the mass specOur mass spectrometry analysis of Hrr1-TAP purifitrometry results, both Rdp1-myc13 and Hrr1-myc13 cations revealed that Ago1, previously identified as a coprecipitated with Tas3 with RDRC. First, we repeated Chp1-TAP purifications under less stringent washing conditions to determine whether Hrr1 or other components of RDRC, which might be less RITS Purified from RDRC Mutant Backgrounds Lacks siRNAs tightly associated with RITS, could be identified in these purifications. Mass spectrometry of Chp1-TAP purificaTranscription from divergent promoters at centromeric repeats has been proposed to produce complementary tions using these conditions uncovered many peptides for each Chp1, Tas3, and Ago1 (34%, 50%, and 38%
RNAs that can base pair to form dsRNA, which is then processed into siRNAs by Dcr1 (Reinhart and Bartel, amino acid coverage, respectively; Table 1 , which encodes tin may be required for dsRNA synthesis and siRNA production. the histone H3-K9-methyl binding protein, or the histone deacetylase Sir2, had little or no effect on the level of RITS-associated siRNAs ( Figure 3D, lanes 10 and 11) .
The RDRC and RITS Complexes Are Associated with Noncoding Centromeric Transcripts None of the above mutations affected the levels of Chp1-TAP or the integrity of the RITS complex ( Figure 3E , The physical association of RITS with Rdp1, which is predicted to use noncoding centromeric RNAs as tem- Table 1 , and data not shown). Finally, RDRC did not contain detectable levels of siRNAs, as would be explates for the synthesis of dsRNA, suggested that both RITS and RDRC may localize to noncoding centromeric pected from the association of substoichiometric levels of Ago1 with this complex (data not shown).
RNAs (see Figure 4A) . In order to test this possibility, we used an RNA immunoprecipitation (RNA-IP) protocol Previously it has been reported that Clr4 is required for the generation of siRNAs from a hairpin transcript in which the association of specific RNAs with a protein of interest is determined following immunoprecipitation ( We next tested whether RDRC subunits were also in Figure 4D , in dcr1⌬ cells, cen RNAs were not significantly enriched in Rdp1-TAP, Hrr1-TAP, or Chp1-TAP localized to cen RNAs. We observed a weak, but reproducible, association of Rdp1-TAP with cen RNAs (Figure precipitations compared to the untagged control ( Figure  4D , compare lanes 6-8 with lane 5). Furthermore, we 4D, lane 2, ‫-4ف‬fold enrichment). Hrr1-TAP was associated with cen RNAs to the same extent as Chp1-TAP observed no significant association of Chp1-TAP with cen RNAs in rdp1⌬, hrr1⌬, cid12⌬, or clr4⌬ cells above and Tas3-TAP ( Figure 4D, lanes 3 and 4; Figure 4B , lanes 5 and 6), and Cid12-TAP associated with these RNAs that observed in dcr1⌬ ( Figure 4E , data not shown).
We conclude that components of the RITS and RDRC to a similar extent as Rdp1-TAP (data not shown).
We have previously shown that the localization of RITS complexes localize to cen RNAs in a Dcr1-and Clr4-dependent fashion. to centromeric DNA regions requires Dicer, suggesting that siRNAs are required for targeting RITS to specific DNA regions (Verdel et al., 2004) . In order to determine RDRC and RITS Are Preferentially Localized to the Nucleus whether the localization of RITS and RDRC to cen RNAs is similarly Dicer dependent, we carried out RNA immuWe next determined the subcellular localization of components of the RITS and RDRC complexes. Of the six noprecipitations from dcr1⌬ cells. In dcr1⌬ cells, cen proteins that constitute these complexes, only the Chp1 RNA species of approximately 175 and 500 nucleotides ( Figure 6C, lanes 3 and 4) . The size of the larger product localization pattern is known (Doe et al., 1998; Sadaie et al., 2004). We inserted 13 myc epitopes at the C teris consistent with the transcription of complementary RNA corresponding to the full length of the template minus of the Chp1, Tas3, Rdp1, Hrr1, and Cid12 subunits of the two complexes and determined their subcellular RNA. We are uncertain of the nature of the smaller 175 nucleotide product but it may result from premature localization by indirect immunofluorescence. Ago1-myc13 was not functional, but we constructed a strain termination. As controls, we observed no activity in reactions that lacked the RNA template ( Figure 6C, lane 7) . that expressed a functional amino-terminally tagged Ago1 (myc3-Ago1) for these experiments (also used in Moreover, the addition of a complementary RNA oligonucleotide as a primer had no effect on the efficiency Figure 4C ). Consistent with previous observations, Chp1-myc13 localized to the nucleus in a speckled patof the reaction ( Figure 6C, compare lanes 3 and 4) . This template-dependent RNA synthesis activity was aboltern of about four foci, which represent the different heterochromatic chromosome regions (Doe et al., 1998; ished with the C-terminal truncation of Rdp1 (Rdp1-⌬314), indicating that the activity was intrinsic to Rdp1 Figures 5P-5R) . As expected from the results described above, the Tas3 subunit of RITS displayed a staining ( Figure 6C, lane 5) . Purified Rdp1 complexes also had RNA-directed RNA polymerase activity using an RNA pattern similar to Chp1 (Figures 5S-5U) , providing evidence that the RITS complex is predominantly localized template produced from the Renilla luciferase gene, which is unrelated to the Pp-luciferase used above (data to the nuclear subdomain characteristic of heterochromatin proteins. Of the three subunits of RDRC, Hrr1-not shown), indicating that activity was independent of the primary sequence of the RNA template. myc13 was predominantly nuclear (Figures 5J-5L) , while Cid12-myc13 overlapped the DAPI-stained nuclear area As positive controls for the above experiments, we used the N. crassa Qde1 and the bacteriophage φ6 but also was present to a lesser extent in the cytoplasm (Figures 5M-5O) . Finally, consistent with its lower abun-RNA-directed RNA polymerases (Makeyev and Bamford, 2002). Using the luciferase RNA template, these dance compared to Hrr1 and Cid12, the Rdp1-myc13 signal was only weakly detectable above background. enzymes synthesized RNA products which were similar in length to those synthesized by Rdp1-TAP ( Figure 6D ). However, most of this signal overlapped the nucleus (Figures 5A-5F ). Moreover, an overexpressed Rdp1-To facilitate the detection of Rdp1 activity, we constructed strains that overproduced Rdp1-TAP proteins myc13 protein was localized to the nucleus in most cells but also was present in the cytoplasm, especially of from the nmt1 promoter and examined their activities. We observed a large increase in RNA synthesis activity mitotic cells (Figures 5G-5I, data not 6F). We also examined the activity of an Rdp1 active We were interested in investigating the possible enzysite point mutation and found that it lacked activity matic activity of the fission yeast Rdp1 complex.
in vitro and silencing function in vivo (T. Sugiyama et We tested whether full-length Rdp1-TAP or two al., submitted). Together these results suggest that the C-terminal truncations that removed portions of the conactivity of Rdp1 is required for RNAi-mediated transcripserved region, believed to be part of the active site of tional gene silencing. the enzyme, had RNA synthesis activity, using a 500 nucleotide single-stranded RNA template corresponding to the Photius pyralis luciferase (Pp-luciferase) gene. Discussion Rdp1-TAP and its C-terminal truncations, Rdp1-⌬314-TAP and Rdp1-⌬45-TAP, were expressed to similar levThe biochemical analysis presented in this study provides insight into the relationship between two key proels and were purified with similar yields (Figures 6A and  6B) . RNA synthesis reactions were carried out using tein complexes that mediate RNAi-dependent heterochromatin assembly in fission yeast and suggests a these purified proteins in the presence of singlestranded template RNA, 32 P-UTP, and all four unlabeled mechanism for their association with specific chromosome regions (Figure 7) . The major findings in this study ribonucleotides as described previously (Makeyev and Bamford, 2002). Rdp1-TAP synthesized two labeled are as follows: (1) the fission yeast Rdp1 is associated with two highly conserved proteins in a complex, termed in Figure 7A ). The association of RDRC with the RITS complex is Dcr1 and Clr4 dependent and correlates with RDRC, which has RNA-directed RNA synthesis activity, (2) the RDRC and RITS complexes associate together the presence of siRNAs in RITS (Figure 3) . What is the biological significance of these observations? The in a Dcr1-and Clr4-dependent manner, suggesting that both siRNA-based target recognition and chromatin asin vivo RNA synthesis activity of RDRC must be tightly regulated so that only specifically selected RNAs are sociation are involved in mediating this interaction, and (3) the components of the RDRC and RITS complexes targeted for dsRNA synthesis. The source of this specificity ultimately must reside in siRNAs that target speassociate with noncoding centromeric RNA in a Dcr1-and Clr4-dependent manner. We discuss the implicacific chromosome regions for assembly into heterochromatin. A possible explanation for our observations is tions of these findings for the mechanism of RNAidependent heterochromatin assembly. that RITS acts as a "priming complex" for the dsRNA synthesis activity of RDRC, in a fashion analogous to mechanisms that regulate the dsRNA synthesis activity 
plates.
Cid12 belongs to a family of proteins that contain a nucleotidyltransferase domain (NTD) that is weakly similar to the NTD found in both polyA polymerases We were unable to detect any siRNAs associated with RITS complexes purified from rdp1⌬, hrr1⌬, or cid12⌬ Table S1 on the times in lysis buffer and once in 50 mM HEPES-NaOH pH7.6, 20 mM ammonium acetate, 5 mM MgCl2, 0.1 mM EDTA. Three to six Cell website. Deletion, overexpression, and epitope-tagged strains were generated using a single-step gene replacement strategy.
microliters of the IgG-Sepharose beads containing immobilized Rdp1 or its C-terminal deletions was then used for RDR activity Genes encoding hygromycin B phosphotransferase (hph) and nourseothricin N-acetyl transferase (nat) were subcloned from pAG32 assays as described above.
